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1. INTRODUCTION {#hsr257-sec-0005}
===============

Oxygen is a key player in wound healing, as elevated metabolism in the healing skin cells demands increased oxygen supply.[1](#hsr257-bib-0001){ref-type="ref"}, [2](#hsr257-bib-0002){ref-type="ref"}, [3](#hsr257-bib-0003){ref-type="ref"}, [4](#hsr257-bib-0004){ref-type="ref"}, [5](#hsr257-bib-0005){ref-type="ref"}, [6](#hsr257-bib-0006){ref-type="ref"}, [7](#hsr257-bib-0007){ref-type="ref"}, [8](#hsr257-bib-0008){ref-type="ref"}, [9](#hsr257-bib-0009){ref-type="ref"}, [10](#hsr257-bib-0010){ref-type="ref"} Blood perfusion, capillary density, partial oxygen pressure (pO~2~), the oxyhemoglobin dissociation condition, and cell consumption of oxygen are parameters influencing oxygen availability.[1](#hsr257-bib-0001){ref-type="ref"} Vascular complications are primarily responsible for wound ischemia in chronic wounds, limiting the delivery of oxygen rich blood and ultimately leading to hypoxia.[4](#hsr257-bib-0004){ref-type="ref"} Although it has been shown that acute hypoxia is important in the early stages of wound healing, prolonged hypoxia impairs the healing process.[11](#hsr257-bib-0011){ref-type="ref"} Sustained hypoxia diminishes the availability of intracellular ATP and, thus, reduces the synthesis, repair, and turnover of enzymes, DNA, RNA, and cell membrane components, which may result in cell death.[1](#hsr257-bib-0001){ref-type="ref"} Sufficient level of oxygen is also crucial for vital cell processes including proliferation,[12](#hsr257-bib-0012){ref-type="ref"} collagen synthesis,[13](#hsr257-bib-0013){ref-type="ref"}, [14](#hsr257-bib-0014){ref-type="ref"}, [15](#hsr257-bib-0015){ref-type="ref"}, [16](#hsr257-bib-0016){ref-type="ref"}, [17](#hsr257-bib-0017){ref-type="ref"} and antibacterial defence.[18](#hsr257-bib-0018){ref-type="ref"}, [19](#hsr257-bib-0019){ref-type="ref"}, [20](#hsr257-bib-0020){ref-type="ref"}, [21](#hsr257-bib-0021){ref-type="ref"}, [22](#hsr257-bib-0022){ref-type="ref"}

Administration of oxygen, both systemically[1](#hsr257-bib-0001){ref-type="ref"}, [2](#hsr257-bib-0002){ref-type="ref"}, [4](#hsr257-bib-0004){ref-type="ref"}, [5](#hsr257-bib-0005){ref-type="ref"}, [6](#hsr257-bib-0006){ref-type="ref"}, [7](#hsr257-bib-0007){ref-type="ref"}, [8](#hsr257-bib-0008){ref-type="ref"}, [9](#hsr257-bib-0009){ref-type="ref"}, [23](#hsr257-bib-0023){ref-type="ref"} and locally,[24](#hsr257-bib-0024){ref-type="ref"}, [25](#hsr257-bib-0025){ref-type="ref"}, [26](#hsr257-bib-0026){ref-type="ref"} has been shown to accelerate the healing process of chronic wounds. These oxygen therapies are cost and personnel demanding; thus, oxygenated dressings have been developed to offer a more economic and easy‐to‐use alternative. Use of oxygenated dressings has shown encouraging results such as accelerated wound healing, lower pain score, and improved histological profiles.[27](#hsr257-bib-0027){ref-type="ref"}, [28](#hsr257-bib-0028){ref-type="ref"}, [29](#hsr257-bib-0029){ref-type="ref"}, [30](#hsr257-bib-0030){ref-type="ref"}, [31](#hsr257-bib-0031){ref-type="ref"}, [32](#hsr257-bib-0032){ref-type="ref"} Documentation of the oxygen concentration and stability of these products is, however, limited.

Chronic wounds have been reported to have a pH ranging between 7.2 and 8.9,[33](#hsr257-bib-0033){ref-type="ref"} impeding wound healing.[34](#hsr257-bib-0034){ref-type="ref"}, [35](#hsr257-bib-0035){ref-type="ref"} It has further been shown that wounds become acidic as they progress towards healing.[36](#hsr257-bib-0036){ref-type="ref"} Several studies[33](#hsr257-bib-0033){ref-type="ref"}, [34](#hsr257-bib-0034){ref-type="ref"}, [35](#hsr257-bib-0035){ref-type="ref"}, [36](#hsr257-bib-0036){ref-type="ref"} have concluded that an acidic environment at the wound bed supports the healing process. Lowering the pH of wounds has been shown to increase the available pO~2~ in the wound bed, due to increased release of oxygen from haemoglobin.[35](#hsr257-bib-0035){ref-type="ref"} Acidification has also been proven to promote angiogenesis and increase macrophage and fibroblast activity.[34](#hsr257-bib-0034){ref-type="ref"} Hydrogels are dressings formed by a network of polymers filled with liquid that can maintain a moist wound environment and protect wounds from secondary infection.[37](#hsr257-bib-0037){ref-type="ref"} The block copolymer poloxamers are important in the development of temperature sensitive in situ forming hydrogels. Poloxamers offer advantageous properties for dermal drug delivery, facilitating application and allowing the formulation to act as a depot and, thereby, promoting delivery of active substances for an extended period after application.[38](#hsr257-bib-0038){ref-type="ref"}, [39](#hsr257-bib-0039){ref-type="ref"} Hydrogels can be applied and removed with minimal pain or trauma to the wound bed and the patient.[37](#hsr257-bib-0037){ref-type="ref"}

In this study, poloxamer 407 was used to formulate Oxy Dressing, an oxygenated in situ gelling application with pH 5.5. The developed dressing was characterized for physical and chemical properties, and in vitro effects of elevated dissolved oxygen (DO) levels on human skin cells were investigated.

2. METHODS {#hsr257-sec-0006}
==========

2.1. Production of oxygenated water, Oxy Water {#hsr257-sec-0007}
----------------------------------------------

Water with elevated levels of DO was produced as described in patent WO 2016/071691 (Oxy Solutions, Oslo, Norway). In brief, reverse osmosis water and oxygen was fed into the mixing chamber of the oxygenation device. Water and oxygen were mixed in a chamber and subsequently passed through a piping system including a venturi. The system ran continuously at 2.9 BAR and was fed with 98% O~2~. At the outlet, oxygenated water containing up to 100 mg/L DO was collected, tapped on glass bottles, and stored at room temperature until use.

2.2. Winkler titration for determination of DO concentrations {#hsr257-sec-0008}
-------------------------------------------------------------

All reagents were supplied from Sigma‐Aldrich (St. Louis, MO, USA). Samples were mixed with manganous sulphate (2.2 M, prepared from catalogue number M7634) and alkaline iodide azide (12 M NaOH, prepared from catalogue number 221465, 0.86 M KI, prepared from catalogue numbers 30315 and 71290). The precipitation was allowed to settle halfway twice before 98% sulphuric acid (catalogue number 258105) was added, giving a dark amber colour. The solution was then titrated with sodium thiosulfate (0.0375 M, prepared from catalogue numbers 217247 and 221465). Starch indicator solution (prepared from catalogue numbers S9765 and 247588) was added when the solution reached a light yellow colour, and further titrated until the solution was transparent. Each 1.0 mL of sodium thiosulfate used was equivalent to 3 mg/L DO.

2.3. Formulation of oxygenated in situ gelling dressing, Oxy Dressing {#hsr257-sec-0009}
---------------------------------------------------------------------

Oxy Dressing was formulated with Oxy Water (\~65 mg/L) and poloxamer 407 (Lutrol F127, BASF, Ludwigshafen, Germany, catalogue numbers 50424592 and 50259528). In a mixing vial, concentrated (40‐50 wt% (weight percentage)) Lutrol F127 stock solution was prepared by dissolving the poloxamer powder in Oxy Water (2°C‐4°C) under gentle agitation. When the poloxamer was dissolved, the stock solution was diluted with Oxy Water (0°C) to a final concentration of 15 to 16 wt%.

When formulating the Oxy Dressing in 20 mM acetate buffer for pH control, 30 wt% of poloxamer 407 was dissolved in a 38 mM acetate buffer by gentle mixing on an ice bath (0°C). After dissolution of poloxamer 407 in the stock solution, the 30 wt% poloxamer solution was mixed with Oxy Water cooled to 0°C, to a final concentration of 15 to 16 wt% poloxamer 407.

2.4. Stability testing of pH {#hsr257-sec-0010}
----------------------------

The Oxy Dressing formulated in 20 mM acetate buffer was stored in capped glass vials at room temperature (23°C) and at 5°C for up to 3 months; pH was assessed at 0 and 3 months.

2.5. Oxygen stability at 35°C (skin surface temperature) {#hsr257-sec-0011}
--------------------------------------------------------

An oxygen optode developed by RISE (Borås, Sweden) was used to evaluate the oxygen concentration and stability of the Oxy Dressing over time. The optode was assembled on to the tip of a fiber optic probe (NeoFox, Ocean Optics; Dunedin, Florida, USA) and mounted inverted (facing upwards) on a heating block controlling the surface temperature. Oxy Water or calibrating solutions were poured into a small brass pipe (15 ml) assembled onto a seal surrounding the optode film prior to measurements. Calibration of the heated (35°C) optode was made by exposing the assembled sensor to argon and oxygen saturated ultra‐purified water, respectively, at 35°C. The oxygen contents of the calibrating solutions were also confirmed by Winkler titration. During measurements, a smaller black seal was used as container during gel application, facilitating an exact volume (1.5 mL) and surface area (3.5 cm^2^). The area of the gel measured corresponded to an uncured thickness of 4 mm. To avoid the gel from drying and restricting the diffusion of oxygen into the atmosphere, measurements were performed when covering the gel with a glass lid. Temperature and oxygen levels were simultaneously and continuously measured for up to 40 hours. Humidity and temperature in the room were determined before and after the measurements (29.7% relative humidity and 21.5°C). Control dressing with 15 to 16 wt% poloxamer 407 prepared with MilliQ water was used as reference.

2.6. Gelling properties {#hsr257-sec-0012}
-----------------------

Gelling properties were assessed either by visual inspection, by lowering a vial containing the formulation into a water bath at 35°C to 37°C, by direct application of the formulation onto the skin, or by using a Kinexus Pro Rheometer Malvern Instruments, Worcestershire, UK, with a CP4/40 (cone plate 4°‐40‐mm diameter). For the rheology measurements, 1.2 mL of formulation was applied on a cool (18°C‐20°C) plate, and the temperature was increased 1°C/min at a frequency of 0.3 Hz and a shear stress of 1 Pa.

2.7. Shelf life testing {#hsr257-sec-0013}
-----------------------

For shelf life testing, the Oxy Dressing was gently filled in capped glass vials (Agilent HS, crimp, RB 20 mL with Hdspc Al crmp cap, PTFE/SI, 5301 Stevens Creek Blvd Santa Clara, CA, USA) with minimum head spacing, and stored at 20°C or at 4°C for up to 7 weeks. The DO concentration was measured weekly by Winkler titration.

2.8. Cell cultures {#hsr257-sec-0014}
------------------

All reagents were from Sigma Aldrich (St. Louis, MO, USA). Human skin fibroblasts (HSF) (ATCC, Manassas, VA, USA, catalogue number CRL‐7449) were grown in complete cell medium (DMEM, catalogue number D6429) with 10% fetal bovine serum (FBS, catalogue number F7524) and 1% penicillin/streptomycin (catalogue number P4333). At confluence, cells were detached using 5% trypsin in 1 mM ethylene diamine tetra acetic acid (catalogue number T3924) and reseeded according to the experimental plans. Cells were cultured at 37°С in an incubator with humidified atmosphere and 5% СО~2~. Cell authentication was performed by PCR‐single‐locus‐technology at Eurofins Genomics (Ebersberg, Germany).

2.9. Preparation of oxygenated cell medium {#hsr257-sec-0015}
------------------------------------------

Oxygenated medium was prepared using powder DMEM (Sigma Aldrich, St. Louis, MO, USA with or without phenol red, catalogue numbers D5648 and D9785) and Oxy Water. The mixing ratio depended on the desired concentration of DO in the final cell medium. DMEM was supplied with additives and FBS as described under the sections for individual cell experiments. Phenol red free DMEM was used for the reactive oxygen species (ROS) experiment to avoid disturbance of the fluorescent readings.

As oxygen evaporates faster from the liquid at high temperatures, plated cells were left at room temperature for 30 minutes after stimulation to maintain the elevated DO concentration for a longer period of time. Control cells were treated the same way.

2.10. Intracellular ATP concentration {#hsr257-sec-0016}
-------------------------------------

HSF were seeded at a concentration of 2.5 × 10^5^ cells/9.5 cm^2^ and grown to confluence for 48 hours. The cells were treated with complete cell medium (10% FBS) with DO concentrations of 8 or 33 mg/L. Cells were re‐stimulated with the respective treatments after 1, 2, and 3 hours. After 4 hours, the cells were rinsed with PBS and lysed on ice with lysis buffer (200 mM Tris, pH 7.5, 2 M NaCl, 20 mM EDTA 0.2% Triton X‐100). The lysate was centrifuged at 10 000 ×g for 5 minutes and added to a standard reaction solution (ATP Determination Kit, Thermo Fisher, Waltham, MA, USA, catalogue number A22066). Luminescence was read with a plate reader (FLUOStar Omega, BMG Labtech), and signal was compared with an ATP standard curve. Cells in corresponding wells were subsequently harvested, and trypan blue (Sigma Aldrich, St. Louis, MO, USA, catalogue number T8154) added, and the number of cells was determined by manually counting live and dead cells using a hemocytometer. The data were corrected for blank readings and presented as nM intracellular ATP/10^5^ live cells.

2.11. ROS production {#hsr257-sec-0017}
--------------------

HSFs were seeded at a density of 2.5 × 10^4^ cells/0.32 cm^2^ and grown to confluence overnight. Cells were stained with 20‐μM DCFDA solution (2′,7′‐dichlorofluorescin diacetate; DCFDA Cellular ROS Detection Assay Kit, Abcam, Cambridge, UK, catalogue number ab113851) and incubated for 45 minutes at 37°C, protected from light exposure. ROS kinetics were studied by stimulating HSF with complete cell medium (10% FBS) with DO concentrations of 9 or 32 mg/L, or 500‐μM H~2~O~2~ (positive control). Fluorescence was read after 15 minutes, 30 minutes, 1 hour, and 4 hours, with an FLx800 plate reader (BioTek, Winooski, USA), with excitation wavelength at 485 nm and emission wavelength 520 nm. An additional experiment was performed, stimulating the HSF with complete cell medium (10% FBS) with DO concentrations of 9 or 31 mg/L, or 500‐μM H~2~O~2~ (positive control). The cells were re‐stimulated hourly with the respective treatments, and fluorescence was read after 4 hours. All values were corrected for blank readings and presented as relative fluorescence (RFU ×10^3^).

2.12. Proliferation and cell viability {#hsr257-sec-0018}
--------------------------------------

HSFs were seeded at a density of 5 × 10^4^ cells/25 cm^2^ and incubated overnight. Cells were treated with 5‐mL control cell medium (1% FBS, DO: 11 mg/L), oxygenated cell medium (1% FBS, DO: 23, 31, 41, 50 mg/L), or cell medium with 10% FBS (positive control, DO: 10 mg/L). The stimulation was repeated every 24 hours up to 4 days. On days 2, 3, and 4, cells were harvested, and live cells were manually counted using a hemocytometer. Dead cells were counted using trypan blue and a TC20 Automated cell counter (BioRad, USA). A 1‐minute‐long treatment of the cell suspension with Triton X (final concentration 1%) was used as a positive control for cell death.

2.13. Statistics {#hsr257-sec-0019}
----------------

Determination of DO concentration was performed on 5 samples for each condition. Stability of pH was measured in 3 to 9 different samples for each group. Oxygen stability at 35°C was performed on 3 samples. Rheology was measured in triplicate on 2 individual batches per group. Shelf life study was performed on 2 samples per group for each condition. All in vitro experiments were performed in triplicates and repeated at least 3 times.

Results were analysed in SPSS version 22 using Mann‐Whitney U test, Independent 2‐tailed t‐test or ANOVA with Bonferroni post hoc test comparing the average values of each experiment. Values of *P* \< 0.05 were considered statistically significant.

3. RESULTS {#hsr257-sec-0020}
==========

The new technology enabled preparation of Oxy Water that contained a DO concentration significantly higher than control water (67 ± 3.6 mg/L for Oxy Water versus 15 ± 1.1 mg/L for control water, *P* = 0.014, Mann‐Whitney U test, Figure [1](#hsr257-fig-0001){ref-type="fig"}A). The oxygenated water was further used to develop Oxy Dressing, an in situ gelling formulation containing 15 to 16 wt % poloxamer 407 and a final DO concentration ranging between 25 and 35 mg/L. The Oxy Dressing was also formulated to a pH of 5.5 by using acetate buffer. The pH of the dressing formulated in acetate buffer was stable at approximately 5.5 for 3 months when stored at room temperature and under refrigerated conditions (5°C, Figure [1](#hsr257-fig-0001){ref-type="fig"}B). An oxygen optode was developed in order to measure the oxygen concentration and stability of the Oxy Dressing over time (Figure [2](#hsr257-fig-0002){ref-type="fig"}A). The average DO level of 2 of the measured Oxy Dressings remained stably above 22 mg/L for more than 30 hours when applied on a surface with controlled temperature at 35°C and covered with a glass lid (Figure [2](#hsr257-fig-0002){ref-type="fig"}B). One of the replicates had a lower initial DO concentration and dropped to 10 mg/L DO after approximately 7 hours. This was due to drying of the dressing, thus loss of oxygen. Oxy Dressing showed significantly lower gelling temperature in the range of 24.4°C to 24.8°C when compared with the Control dressing (*P* = 0.04) (Mann‐Whitney U test, Figure [2](#hsr257-fig-0002){ref-type="fig"}C). Gelling was induced in both the Oxy Dressing and the control dressing in the temperature range 24°C to 25°C, indicating that the dressing will form a gel after administration to the skin, having a temperature of \>32°C. Further, the Oxy Dressing maintained stable DO levels above 30 mg/L when stored at 4°C, and above 20 mg/L when stored at room temperature (20°C) capped glass vials for 7 weeks (Figure [2](#hsr257-fig-0002){ref-type="fig"}D).

![Development of Oxy Dressing. A, The new oxygenation technology enabled production of Oxy Water with a significantly higher level of DO compared with control water. Data are presented as average ± SD (*n* = 5, \* *P* \< 0.05, Mann‐Whitney U test). B, The pH value of poloxamer 407 formulated in 20 mM acetate buffer, stored at 5°C and 23°C for 3 months, was measured. The pH of 5.43 ± 0.05 was stable for 3 months in the Oxy Dressing formulated with 20 mM acetate buffer. Data are presented as average ± SD (*n* = 3 to 9)](HSR2-1-e57-g001){#hsr257-fig-0001}

![Characterisation of Oxy Dressing. A, Schematic figure of the oxygen optode setup for continuous determination of DO. The sample reservoir (a), seal (b), optode (c), seal for gels (d), lid for restricted diffusion (e), heating block (f), temperature probe (g), and fiber optic probe (h). B, Stability of DO after application to a 35°C surface was measured with the setup displayed in A (*n* = 3). Each replicate is shown separately. The average DO concentration in Oxy Dressing replicate 1 and 2 were kept above 22 mg/L for more than 30 hours at 35°C when covered. The third Oxy Dressing replicate had a lower initial DO concentration and dropped to 10 mg/L after approximately 7 hours. C, The influence of viscosity (G\*: Shear modulus complex component) on increased temperature for poloxamer 407 formulated in 20 mM acetate buffer with either MilliQ (control dressing) or Oxy Water (Oxy Dressing). Significant gelling was induced at 24°C to 25°C, in both groups. The gelling temperature was significantly lower in the Oxy Dressing in the temperature interval 24.4°C to 24.8°C. Data are presented as average ± SD per 0.2°C (*n* = 2, \* *P* \< 0.05, Mann‐Whitney U test). D, DO was measured in Oxy Dressings after storage at room temperature (20°C) or in fridge (4°C) for 7 weeks. The Oxy Dressing maintained stable DO levels above 30 mg/L when stored at 4°C, and above 20 mg/L when stored at room temperature in capped glass vials for 7 weeks. Data are presented as average ± SD (*n* = 2 per time point and storage condition)](HSR2-1-e57-g002){#hsr257-fig-0002}

Investigation of basic effects of elevated levels of DO on human skin cells in vitro was also performed. As shown in Figure [3](#hsr257-fig-0003){ref-type="fig"}A, intracellular ATP levels were significantly higher in HSFs after 4 hours of hourly treatment with 33 mg/L DO (113.1 ± 10.1 nM ATP/10^5^ live cells) compared with control (8 mg/L DO, 70.9 ± 20.5 nM ATP/10^5^ live cells, *P* = 0.03, Independent 2‐tailed t‐test). ROS kinetics were studied at 15 minutes, 30 minutes, 1 hour, and 4 hours after a single stimulation of 32 mg/L DO, control (9 mg/L DO), or the positive control, H~2~O~2~ (Figure [3](#hsr257-fig-0003){ref-type="fig"}B). There were no significant differences between 32 mg/L DO and control at any of the time points measured. The ROS levels gradually decreased over time for both groups. The positive control had significantly higher and increasing ROS levels over the time period of 4 hours. ROS production was also studied after 4 hours with hourly re‐stimulation with 31 mg/L DO, control (8 mg/L DO), or the positive control, H~2~O~2~ (Figure [3](#hsr257-fig-0003){ref-type="fig"}C). The ROS level was higher in the HSF treated with 31 mg/L DO (14.3 ± 10.2 RFU ×10^3^) when compared with control (7.3 ± 0.04 RFU ×10^3^); however, the difference was not significant. The positive control (72.6 ± 14.5 RFU ×10^3^) had significantly higher ROS levels than control. Increasing the DO concentration up to 50 mg/L for up to 4 days did not change cell proliferation of HSF (Figure [4](#hsr257-fig-0004){ref-type="fig"}A; 50 mg/L DO Day 4: 100 ± 16.1 cell number (× 10^3^) or control (11 mg/L DO): 112 ± 11.3 cell number (× 10^3^), *P* = 0.17, ANOVA with Bonferroni post hoc test). Similarly, it did not alter the level of cell viability (Figure [4](#hsr257-fig-0004){ref-type="fig"}B; 50 mg/L DO Day 4: 1 ± 2% dead cells of total cell number, control (11 mg/L DO): 2 ± 3.3% dead cells of total cell number (*P* = 0.65, ANOVA with Bonferroni post hoc test).

![In vitro effects of dissolved oxygen (DO) on intracellular ATP and reactive oxygen species (ROS). A, Intracellular ATP levels were measured in HSFs incubated for 4 hours in DMEM with (33 mg/L) or without (8 mg/L) elevated levels of DO. The cells were restimulated every hour with the respective treatments. Cells treated with 33 mg/L DO showed significantly higher intracellular ATP levels than control (*n* = 3, \**P* \< 0.05, independent 2‐tailed t‐test). B, ROS kinetics were measured in HSFs at 15 minutes, 30 minutes, 1 hour, and 4 hours, after incubation in 32 mg/L DO (DMEM w/10% FBS), control (DMEM w/10% FBS, 9 mg/L DO), or positive control (DMEM w/10% FBS, 9 mg/L DO, and 500‐μM H~2~O~2~). ROS levels are presented as relative fluorescence (RFU, 485/520 nm) × 10^3^. There were no significant differences between the ROS production in the cells treated with 32 mg/L DO when compared with control. The positive control had significantly higher levels of ROS compared with control at all time points (*n* = 3, \**P* \< 0.05, ANOVA with Bonferroni post hoc test). C, ROS was measured in HSF incubated for 4 hours in DMEM with 10% FBS with 31 mg/L or 8 mg/L DO. The cells were restimulated every hour with the respective treatments. Cells treated with 31 mg/L had increased ROS levels after 4 hours when compared with control, but the change was not significant. The positive control (DMEM w/10% FBS, 8 mg/L DO, and 500 μM H~2~O~2~) had significantly higher levels of ROS compared with control (*n* = 3, \**P* \< 0.05, ANOVA with Bonferroni post hoc test)](HSR2-1-e57-g003){#hsr257-fig-0003}

![In vitro effect of dissolved oxygen (DO) on proliferation and cell death. Human skin fibroblasts (HSFs) were grown in DMEM with 1% FBS with (23‐50 mg/L) or without (11 mg/L) elevated levels of DO. DMEM with 10% FBS (11 mg/L) served as positive control. A) Treating HSFs with DO up to 50 mg/L (50 mg/L DO) did not significantly change the proliferation rate when compared with control. The positive control had significantly higher proliferation rate on day 3 and day 4 compared with control. Data are expressed as average ± SD (*n* = 4, \**P* \< 0.05, ANOVA with Bonferroni post hoc test). B, Treating HSFs with DO up to 50 mg/L did not significantly alter the number of dead cells compared with control over the course of 4 days, with the exception of 31 mg/L at day 2. Triton X (not shown in figure) significantly increased the number of dead cells compared with control. Data are expressed as the percentage of dead cells relative to total cell number and represent the average ± SD (*n* = 4, \**P* \< 0.05, ANOVA with Bonferroni post hoc test)](HSR2-1-e57-g004){#hsr257-fig-0004}

4. DISCUSSION {#hsr257-sec-0021}
=============

Wound oxygenation and pH modification are closely tied to successful wound healing.[1](#hsr257-bib-0001){ref-type="ref"}, [2](#hsr257-bib-0002){ref-type="ref"}, [3](#hsr257-bib-0003){ref-type="ref"}, [4](#hsr257-bib-0004){ref-type="ref"}, [5](#hsr257-bib-0005){ref-type="ref"}, [6](#hsr257-bib-0006){ref-type="ref"}, [7](#hsr257-bib-0007){ref-type="ref"}, [8](#hsr257-bib-0008){ref-type="ref"}, [9](#hsr257-bib-0009){ref-type="ref"}, [10](#hsr257-bib-0010){ref-type="ref"}, [33](#hsr257-bib-0033){ref-type="ref"}, [34](#hsr257-bib-0034){ref-type="ref"}, [35](#hsr257-bib-0035){ref-type="ref"}, [36](#hsr257-bib-0036){ref-type="ref"} Due to the importance of oxygen and pH in wound healing, the main objective of the current project was to develop and characterize a highly oxygenated topical dressing with the pH of intact skin and evaluate the effects of DO on human skin cells in vitro.

4.1. Topical wound healing dressing {#hsr257-sec-0022}
-----------------------------------

The new oxygenation technology offers a new possibility of formulating a wound healing dressing that can topically introduce elevated, controlled, and stable levels of DO to the wound bed. Currently available oxygen dressings primarily contain oxygen in the form of oxygen gas or release oxygen via chemical or biochemical reactions.[10](#hsr257-bib-0010){ref-type="ref"}, [30](#hsr257-bib-0030){ref-type="ref"} For it to be available for the cells in the wounded tissue, the gas first needs to be dissolved in the surrounding liquid. For this reason, topical applied DO has been reported to penetrate skin more efficient than gaseous oxygen.[29](#hsr257-bib-0029){ref-type="ref"} Roe et al demonstrated in 2010 that topically applied DO penetrates through at least 700 μm of human skin.[29](#hsr257-bib-0029){ref-type="ref"} It had previously been shown that atmospheric oxygen gas supplies the outer 250 to 400 μm of human skin in vivo.[40](#hsr257-bib-0040){ref-type="ref"} By combining the oxygenated water with the thermo sensitive poloxamer 407, forming the Oxy Dressing, oxygen may be supplied more efficiently to the wound site compared with formulations administrating oxygen gas.[29](#hsr257-bib-0029){ref-type="ref"} Poloxamer 407 alone has, in addition, been shown to display wound healing properties, by significantly increasing wound closure, vascular density, collagen formation, and leukocyte infiltration, in an experimental model.[41](#hsr257-bib-0041){ref-type="ref"} Thus, the possible wound healing effects of the poloxamer may add to the advantages of increased DO concentration. Importantly, the concept of an in situ gelling formulation is advantageous in order to be able to administer the formulation to a wounded skin area without causing pain during application. Stability and shelf life studies show that the in situ gelling dressing can supply significantly elevated DO concentration for more than 30 hours when covered, and the high DO concentration is maintained also when stored.

Formulating the Oxy Dressing by using buffer may enable pH control at the wound site over time. While normal skin has a pH of approximately 5.5, chronic wounds have been shown to have a pH range between 7.2 and 8.9.[33](#hsr257-bib-0033){ref-type="ref"}, [42](#hsr257-bib-0042){ref-type="ref"} An acidic environment at the wound bed has been shown to suppress wound infection, increase antimicrobial activity, and enhance re‐epithelization and angiogenesis.[33](#hsr257-bib-0033){ref-type="ref"} A shift towards a more acidic milieu will also lead to an increased release of oxygen from hemoglobin.[33](#hsr257-bib-0033){ref-type="ref"} Thus, in light of the importance of pH to wound healing, lowering the pH can itself be favourable for the healing process,[43](#hsr257-bib-0043){ref-type="ref"} and represent an additional advantage to the wound‐healing properties of the Oxy Dressing.

Wound healing involves a dynamic series of events, and the different steps of healing require different oxygen concentrations and pH.[42](#hsr257-bib-0042){ref-type="ref"}, [44](#hsr257-bib-0044){ref-type="ref"} The technology presented in this study enables production of a dressing with various DO concentrations and pH values; thus, the formulation can be customized for different steps of wound healing and to each patient\'s needs.

4.2. In vitro effect of elevated DO levels {#hsr257-sec-0023}
------------------------------------------

The effects of oxygen on wound healing are well established.[1](#hsr257-bib-0001){ref-type="ref"}, [5](#hsr257-bib-0005){ref-type="ref"}, [8](#hsr257-bib-0008){ref-type="ref"}, [45](#hsr257-bib-0045){ref-type="ref"}, [46](#hsr257-bib-0046){ref-type="ref"}, [47](#hsr257-bib-0047){ref-type="ref"}, [48](#hsr257-bib-0048){ref-type="ref"}, [49](#hsr257-bib-0049){ref-type="ref"}, [50](#hsr257-bib-0050){ref-type="ref"} Knowledge about the basic mechanisms, however, is still limited and requires further evaluation. Therefore, in vitro studies aiming to elucidate effects of DO on human skin cells were performed in this study.

Adequate oxygen supply is essential for proper cell function. A partial oxygen deficiency can result in impaired energy synthesis and ATP depletion.[1](#hsr257-bib-0001){ref-type="ref"}, [5](#hsr257-bib-0005){ref-type="ref"} Sufficient amount of oxygen is important for tissue healing, as reparative processes including synthesis, repair, and turnover of essential macromolecules, lead to increased energy demand.[1](#hsr257-bib-0001){ref-type="ref"}, [5](#hsr257-bib-0005){ref-type="ref"}, [13](#hsr257-bib-0013){ref-type="ref"} In vivo studies have shown enhanced healing, development of granulation tissue, and re‐epithelisation, when applying intracellular ATP delivery techniques.[51](#hsr257-bib-0051){ref-type="ref"}, [52](#hsr257-bib-0052){ref-type="ref"} In the current project, a significant increase in intracellular ATP levels in HSFs was observed when stimulating the cells with 33 mg/L DO. This indicates an advantageous effect of DO concentration on the intracellular energy level of human skin cells, possibly facilitating wound healing.

Traditionally, ROS have been viewed as damaging to cells, with a negative influence on wound healing.[53](#hsr257-bib-0053){ref-type="ref"} Research has shown, however, that ROS can also serve as cellular messengers to support healing processes.[53](#hsr257-bib-0053){ref-type="ref"}, [54](#hsr257-bib-0054){ref-type="ref"}, [55](#hsr257-bib-0055){ref-type="ref"} In the current project, no significant change in ROS kinetics was found in HSFs stimulated with elevated levels of DO up to 4 hours when compared with control (Figure [3](#hsr257-fig-0003){ref-type="fig"}B). When replicating the protocol used in the intracellular ATP experiment and stimulating the cells every hour up to 4 hours, the results showed a slight increase in ROS production in the elevated DO group when compared with control, but the change was not significant (Figure [3](#hsr257-fig-0003){ref-type="fig"}C). One may speculate if this minor increase in ROS can lead to the observed increased intracellular ATP levels.

Changes in the accessibility of oxygen, both hypoxia and hyperoxia, have been shown to influence cell proliferation. While hypoxia (\< 1% O~2~ in the cell incubator) decreases cell proliferation in vitro,[56](#hsr257-bib-0056){ref-type="ref"}, [57](#hsr257-bib-0057){ref-type="ref"} increased oxygen availability has been reported to either increase or decrease cell proliferation, depending on the oxygen concentration, length of exposure, and number of treatments.[58](#hsr257-bib-0058){ref-type="ref"}, [59](#hsr257-bib-0059){ref-type="ref"}, [60](#hsr257-bib-0060){ref-type="ref"} Prolonged exposure to elevated levels of oxygen is known to be toxic.[61](#hsr257-bib-0061){ref-type="ref"}, [62](#hsr257-bib-0062){ref-type="ref"} In the current project, no significant change in cell proliferation or viability after treating HFSs with DO concentrations of up to 50 mg/L for 4 days was observed. These results indicate that treatment with DO concentrations up to 50 mg/L does not induce changes in cell proliferation or cell death.

5. CONCLUSION {#hsr257-sec-0024}
=============

The developed in situ gelling topical dressing has elevated and stable levels of DO and a pH of 5.5, both after application at the temperature of skin and during storage. Elevated accessibility of DO increased intracellular ATP levels without affecting the production of ROS, cell proliferation, or cell viability in vitro. The developed dressing is a new wound healing application that may facilitate healing by increasing DO delivery, modulating and controlling pH levels, and increasing energy availability. The technology enables production of dressings with various DO concentrations and pH, thus, the wound treatment can be optimized for each patient\'s needs. Further studies are, however, needed in order to elucidate the effect of the dressing on wound healing both in vitro and in vivo.
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